This study investigated the effect of ultrasound on the crystal size during cooling crystallization of paracetamol. Sonication was enabled in three distinct stages to define the operating guidelines for crystal size control. In addition, it was identified whether size reduction results from a higher amount of nuclei upon primary nucleation or from enhanced secondary nucleation. The results show that tuning of the ultrasonic power density and exposure time after nucleation results in a crystal size between 70-140 µm. In contrary, the use of ultrasound before nucleation does not affect the size, indicating enhanced secondary nucleation as the main mechanism. Finally, sonication after complete desupersaturation reduces the crystal size by about 30 µm, but causes surface erosion.
Introduction
Crystallization is an important separation technique in the pharmaceutical industry during the manufacturing of active pharmaceutical ingredients (APIs). 1, 2 The characteristics of these compounds such as purity, size distribution, polymorphic form, etc. should be controlled in a reproducible way since these determine the drugs' effectiveness in the human body and shelf life. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] The key to a successful crystallization is to control the stochastic nucleation event and initiate the process in a reproducible way. Therefore, an approach with the addition of seed crystals is often applied in industry to obtain a predictable process, produce the desired crystal form and obtain a narrow crystal size distribution in a certain range of interest. 3, 7, 18, 19 Additionally, the use of ultrasound as an alternative seeding source has been suggested, and is based on its ability to induce nucleation at low supersaturation, shorten the induction time and decrease the metastable zone width (MSZW). Although the origin of these effects remains uncertain, many believe that acoustic cavitation, i.e. cyclic formation and implosion of micron-sized bubbles, is involved in this process. 20, 21 Furthermore, a reduced particle size, change in particle shape, higher yield and more uniform distribution can be obtained during sonocrystallization. 2, 6, [22] [23] [24] [25] [26] [27] Similarly, other work on the application of ultrasound during crystallization indicated the possibility to 'tailor' the final crystal size and shape by adequate settings of the sonication parameters. In general, an inverse dependency of the particle size to the sonication time and/or ultrasonic power is reported for various organic compounds. 18, 22, [28] [29] [30] [31] [32] [33] For example, Hatkar et al. showed that an increase in the ultrasonic irradiation time or power during cooling crystallization of sodium acetate decreased the particle diameter to a range of 8-12 µm. 18 In addition, Su et al. were able to tune the particle size of phenacetin within a range of 15-45 µm depending on the ultrasonic intensity and duration. Prolonged exposure to a higher intensity yielded the smallest crystals, and was attributed by the authors to a greater number of nuclei in comparison to the silent process that produced particles of 87.5 µm. 11 Similarly, Bhangu et al. demonstrated that a change in ultrasonic frequency and power was able to change the median crystal size of paracetamol in a range of 10-50 µm. Additional work on sonocrystallization of paracetamol is published by other groups. 34, 27, 35 Although the previous studies showed that the crystal size can be reduced by increasing the ultrasonic exposure time or power, the exact mechanism remains ambiguous. Some claim that ultrasound predominantly generates a larger number of primary nuclei that eventually grow to multiple smaller crystals 8, 36, 37 , while others link the reduced particle size to disaggregation of early formed particles. 14, 38, 39 The latter studies therefore reject the assumption that sonication produces a larger amount of primary nucleation. In agreement with this statement, a study on the sonicated nucleation of lysosome crystals reported that the ultrasonic field can only increase the nucleus number by mechanical breakage of protein crystals that are already present in the solution. 40 Overall, it remains unclear whether the ultrasound-induced particle reduction is caused by a larger initial number of (primary) nuclei or additional formation of (secondary) nuclei, induced by breakage and disaggregation of pre-existing particles.
Furthermore, previous work applied ultrasound in fixed time intervals without taking into account whether the solution completely desupersaturated in this time frame. Since sonication in the presence or absence of supersaturation can affect the existing crystals in a different way, it should be studied as a separate process.
Therefore, the present work divides the crystallization process into distinct stages, as shown in Figure 1 , and investigates the effect of ultrasound herein. 14, 41, 42 The demarcation between the first and second stage is based on the detection of nucleation in the solution. The crystals detected upon nucleation are referred to as primary crystals, though it is acknowledged that these might have been formed after fragmentation from a single parent crystal. 43 Additional formation of crystals after the initial nuclei detection is considered as secondary nucleation. Therefore, a comparison of the PSD between samples with application of ultrasound in either stage 1 or 2 is able to demonstrate the effect of sonication on primary and secondary nucleation. In addition, this allowed to identify the dominant mechanism for particle size reduction by ultrasound. Furthermore, the effect of ultrasound before and after complete desupersaturation was investigated by a shape and size analysis of crystals that were sonicated in either stage 2 or 3. In the end, this study provides more insight into the mechanism of sonocrystallization and presents a process window to produce undamaged crystals with a controllable size.
Materials and methods

Experimental setups
The Supporting Information (Section 1.1) provides a detailed overview of the batch and recirculation setup that were used in this study.
Preparation of supersaturated solution
The procedure for preparation of a supersaturated 20 g.kg -1 paracetamol solution and the corresponding solubility data, is described in the Supporting Information (Section 1.2).
General experimental procedure
Ultrasound is applied in three distinct stages during an isothermal crystallization process, of which the supersaturation level progresses according to Figure 1 . The first stage is confined by the first detection of crystals in the solution. In these set of experiments, sonication was enabled at a constant power till the first crystals were detected by the naked eye. The time span between start of sonication and detection of nucleation was recorded, and afterwards the solution was stirred for 2 hours to guarantee complete desupersaturation.
After the formation of the first nuclei, crystal growth and secondary nucleation occur until the supersaturation is completely depleted. Activation of ultrasound subsequent to the detection of nuclei, is defined as the second stage. During these experiments, the nucleation event was either initiated by ultrasound, or was allowed to occur spontaneously after a sufficient waiting time without application of ultrasound. In both cases, only the sonication time after nucleation was monitored and various time settings were tested using a constant ultrasonic power. Similarly as the previous tests, the solution was stirred for 2 hours after sonication was stopped, followed by isolation of the crystals.
Application of ultrasound in the third stage was evaluated to study whether sonication can be used as an after-treatment to control the particle size. At first, the crystallization was completed in the absence of ultrasound by stirring the solution for about 12 hours after detection of spontaneous nucleation. Next, a sample was taken and after filtration and drying, the particle size distribution was determined. Subsequently, the solution was treated with ultrasound and the final crystal size was determined again.
A more detailed procedure of the experiments conditions, the results and the corresponding analytical protocols are available in the Supporting Information (Section 1.3 & Section 2.2).
Results and discussion
Effect of ultrasound in stage 1
This set of experiments was performed in the recirculation setup and ultrasound was applied until nucleation was observed by visual detection in the 600 mL tank. The time till the detection of nucleation, shown in Figure 2 , exhibits a clear variation due to the stochastic nature of the crystallization process.
Additionally, these results show that an ultrasonic power of more than 10 W reduces the nucleation time and improves the reproducibility. The latter can be observed by a reduction of the standard deviation in Figure 2 . Sonication at elevated power thus reduces the stochasticity of the nucleation event, converting crystallization into a quasi-deterministic process. This reduction in nucleation time by application of ultrasound was observed before by other groups. 2, 26, 44 In general, it is believed that the improvement is related to the presence of cavitation bubbles and the accompanying effects such as shockwaves, turbulences and microstreaming. 20, 21 As an increase in ultrasonic power promotes cavitation phenomena, this will result in further enhancement of nucleation. The lack of improvement below 10 W in our experiments might be attributed to the existence of a power threshold, as proposed by Miyasaka et al. According to their study, a specific amount of ultrasonic energy is needed to promote nucleation and this threshold depends on the supersaturation of the solution. 8, 36, 37 In addition, they showed an inhibition region at low input energy (< 60 J at S = 1.48) in which the nucleation time increased by application of ultrasound. This was attributed to ultrasoundinduced disruption of sub-nuclei or molecular clusters. Although this negative effect on the induction time was not observed in our study, it is possible that we were operating at the transition of the inhibition into the promotional region in the tests where a power of 10 W was used. Since a change in nucleation behaviour can affect the final crystal properties, the particle size distribution after complete desupersaturation was determined by laser diffraction. Figure 3 shows the volume and number based median particle size of these distributions, plotted on a linear axis. The complete volume based PSD plots exhibit a unimodal distribution with a comparable span and are shown in the Supporting Information (Section 2.1).
These results indicate that application of ultrasound in the first stage does not significantly alter the final particle size. This is in contrast with most publications that report a strong decrease in particle size at elevated ultrasonic power or prolonged exposure. However, most studies apply a fixed sonication time and could therefore induce nucleation within this time frame. As a result, the primary formed crystals are subjected to cavitation effects that might cause fragmentation and disaggregation of crystals. This effect was clearly demonstrated by Chow et al. while studying the effect of ultrasound on the nucleation of ice in sucrose solutions. 16, 17 This demonstrated that fragmentation of existing ice dendrites already occurs after an exposure time of less than 2 s. Furthermore, the authors found that the fragmented ice crystals acted as new nuclei in the solution and continued to grow. Later on, this sonofragmentation phenomenon was also observed for organic compounds. Consequently, it was suggested that the final product size can be controlled by varying the ultrasonic energy input after addition of seed material. 5, 45 Similarly, Wagterveld et al. reported that disaggregation of clustered nuclei immediately after nucleation is the main cause for improved nucleation kinetics.
14 Hence, it is important to acknowledge that ultrasound has a significant effect on the size of crystals present in the solution, even those formed in an early state of crystallization.
In the present study, great effort was made to disable sonication after primary nucleation has occurred. However, taken into account that an additional growth time is needed to develop the nuclei to a detectable size, the primary generated submicron crystals were also briefly exposed to the sound field in our experiments. 43, 46 Despite this shortcoming, we did not observe any reduction in the particle size by application of ultrasound during the initial stage of crystallization. Therefore, these results strongly suggest that the frequently reported particle size reduction by application of ultrasound during crystallization is predominantly caused by rapid formation of additional nuclei after the first formation of crystals due to prolonged sonication after nucleation. Hence, ultrasound does not increase the initial seed mass (primary nucleation), but mainly promotes the subsequent formation of nuclei, defined as secondary nucleation. Although most authors report that secondary nucleation is caused by fragmentation and disaggregation, additional nuclei formation solely induced by cavitation without disruption of other crystals is still plausible. Most likely, both effects will boost the formation of additional particles immediately after the first occurrence of crystals. The strong enhancement of secondary nucleation by ultrasound can be attributed to the intensification of the cavitation phenomena in the presence of solids. After all, the system becomes heterogeneous resulting in a lower cavitation threshold. 47 The above findings are further supported in literature comparing conventional and ultrasound assisted cooling crystallization.
14,38-40 Therefore, our results provide evidence to support these claims.
Effect of ultrasound in stage 2
Analysis in recirculation setup
In this part, it is evaluated whether exposure to ultrasound after nucleation influences the final particle size. At first, the effect of sonication after both spontaneous and ultrasonic-induced nucleation was studied using the recirculation configuration. Later on, the batch setup was used to investigate the influence of the slurry volume and ultrasonic intensity during sonication in the second stage. In the latter experiments, nucleation was always induced by ultrasound. Figure 4 shows the evolution of the median particle size for different ultrasonic treatment times, starting from a solution in which nucleation occurred spontaneously or was induced by ultrasound. Firstly, it is observed that the final particle size is independent of the way nucleation was introduced. Similar particle sizes were produced if an equal sonication time is used after spontaneous or ultrasound-induced nucleation, taken statistical error and some deviation on the detection of nucleation into account. In general, the trend confirms the earlier statements that ultrasound does not create a higher initial seed mass upon nucleation. Secondly, these results show that the final crystal size can be reduced if sonication is maintained after nucleation. In agreement with other publications, a longer exposure to ultrasound yields a smaller crystal size. As discussed previously, this is attributed to fragmentation, disaggregation and nucleation induced by the presence of cavitation bubbles. 6, 11, 31, [48] [49] [50] The particle size seems to reach a minimum at 10 min, after which the size tends to increase again. It is plausible this is caused by statistical fluctuations. Repetitions and experiments with a longer ultrasonic exposure time are needed to clarify this observation. Additionally, it is possible that the solution has reached the solubility level after an exposure to ultrasound with a power of 40 W for more than 10 min. At this point, the driving force for crystallization diminishes, inhibiting further nucleation and growth. However, as ultrasound is still switched on, two effects remain active. On the one hand, Ostwald ripening, induced by the heat effect of ultrasound and the size-dependant solubility, will result in the formation of larger crystals.
14,51,52 On the other hand, sonofragmentation can still proceed, reducing the overall crystal size by introducing small fragments in the solution. 53 Competition between both effects could thus also cause the particle size to fluctuate.
Additionally, Figure 4 shows the effect of acoustic power during the sonication period after nucleation. It is clear that the decline of the particle size is reduced if a lower acoustic power is applied. This can be attributed to a decrease in the power dissipation in the system which in turn diminishes the cavitation effects. 31 In turn, this can again be correlated to a decrease in secondary nucleation and disaggregation events. Consequently, less surface area becomes available for deposition of crystalline material and the desupersaturation progresses more slowly in comparison to an elevated ultrasonic power. 14, 54 In the end, these results show that the particle size can be tuned by both the ultrasonic power and exposure time if sonication is applied after nucleation. A lower ultrasonic power can be more beneficial if a very accurate intermediate particle size is desired. Hence, application of a reduced power input will only cause a limited change in size if the exposure time is inaccurately controlled. However, it should be considered that a longer processing time is needed to gain accurate control over the particle size. In contrast, when both a minimal particle size and short processing time are required, higher power levels are more suitable.
Analysis in batch setup
The approach of a variable ultrasonic treatment time after nucleation to reduce the particle size was also evaluated in a batch setup while using the same ultrasonic actuator as the recirculation setup. This allowed to study the effect of slurry volume and ultrasonic power on the final particle size. Figure 5 (a) and (b) show that both a volume of 250 mL and 2000 mL exhibit a decline in particle size by increasing the sonication period, similar as discussed before for the recirculation setup. In addition, elevated power exhibits a faster drop in the particle size due to enhanced cavitational effects that promote nucleation and fragmentation or disaggregation. A decrease in volume yields the smallest crystals and requires a shorter exposure time to ultrasound to affect the crystal size. This effect can be attributed to a change in the power density (W.L -1 ), as was also discussed by Li et al. A lower power dissipation reduces the ultrasonic effects and will diminish the particle reduction. 31 In terms of scale-up, these results indicate that the ultrasonic power has to increase when a larger reaction volume has to be sonicated. In a batch configuration this will require ultrasonic actuators operating at a higher intensity, or the use of multiple sonicators. [55] [56] [57] However, most researchers agree that placement of ultrasound in a flow or recirculation systems provides a more elegant scale-up solution as the ultrasonic energy can be focused and confined in a small volume, boosting the cavitation intensity. 56, [58] [59] [60] [61] Since only 1 min additional treatment with ultrasound after nucleation can already significantly change the particle size, it is reasonable that some publications assume that improved primary nucleation caused the reduction in particle size, especially if it is considered that this effect is even more pronounced when a high power density (W.L -1 ) is used. For example, the D50 is reduced by almost 4 times during the tests with 250 mL by application of 50 W for only 1 min after nucleation, indicating the strong influence of sonication in the presence of crystals. A delay in the observation of nuclei during sonication might already cause a significant change in the particle size. As indicated earlier, the method employed in this study is also not impeccable and most likely primary nucleation has already ended before the ultrasound is disabled. Nonetheless, it is clear that the most significant effect of ultrasound on the particle size arises during the second stage, in the presence of the first nuclei. Finally, the crystal morphology in the batch and recirculation setup was assessed by SEM imaging. Figure 6 shows the crystals that were obtained by conventional seeding experiments and by an ultrasonic treatment during the second stage. Also, the seed material that was used in the former tests is presented.
It is clear that ultrasound assisted crystallization yields a similar morphology as those obtained by a conventional seeding approach. Although Bhangu et al. recently showed that ultrasound can produce the unstable orthorhombic polymorph (form II) of paracetamol, only the monoclinic form, confirmed by XRD spectra, was obtained in our study. 62 However, as we only imaged the crystals after an additional stirring time of more than 2 hours in silent conditions, it is possible that all crystals converted to the more stable monoclinic (form I). In addition, a relatively low supersaturation was maintained in the present study, favouring the formation of the thermodynamically stable forms. 62, 63 Close examination of the crystals revealed no distinct damage caused by cavitation as smooth surfaces were obtained while using a sonication period up to 10-20 min. Longer treatments only resulted in very limited defects on the crystal edges. These damaging effects of ultrasound were investigated by Zeiger et al. who identified particle-shockwave interactions as the main contributor to ultrasound induced fragmentation and breakage. 5, 64 Later on, Wagterveld et al. also claimed that microjet formation, resulting from asymmetrical collapse of cavitation bubbles, could play a role in this process. 65, 66 The absence of extensive crystal damage in our experiments can be attributed to deposition of crystalline material subsequent to the occurrence of crystal defects. This 'crystal healing' can only proceed as long as the solution has not yet reached its solubility level. Beyond the solubility level, no additional crystalline material will form from the solution to restore the crystal shape. Hence, it should be noticed that the length of the sonication period in the second stage cannot be chosen independently if undamaged crystals are desired. The available ultrasonic treatment time in this stage is determined by the rate of desupersaturation, which in turn depends on the ultrasonic power. Application of a high power density only allows for a limited process window to tune the particle size due to the fast depletion of the supersaturation.
14,67,68
Effect of ultrasound in stage 3
In the final set of experiments, ultrasound was applied after complete desupersaturation of the solution, specified as stage 3. This approach was tested in the batch setup, using an additional exposure time of 30 min and a power of 10 W. The PSD before and after sonication are displayed in Figure 7 (a) and (b) using a volume and a number distribution, respectively. The volume based median particle size only reduces by 30 µm after 10 min of sonication. This effect is therefore much smaller compared to sonication in the second stage where an equivalent exposure time caused a drop of almost 300 µm. In contrast, the number size distribution converts from bimodal to unimodal and indicates a clear conversion of large particles into small fragments. On the one hand, these fragments originate from ultrasoundinduced crystal breakage, as was discussed before. On the other hand, disaggregation will also contribute to the reduction in particle size. In general, it is clear that predominantly small fragments will be generated by an after-treatment with ultrasound, proven by the limited change in the volume-based median particle size. Similarly as in stage 2, Ostwald ripening can occur, resulting in the dissolution of small fragments, followed by redisposition on existing crystals. 14, 51 Although this effect might restore some of the crystal defects, particle breakage will dominate throughout the third stage due to the absence of supersaturation.
The effect on particle morphology is shown by SEM images, displayed in Figure 8 . These clearly indicate that pit erosion, edge defects and disaggregation arise due to the ultrasonic treatment. On the contrary, other studies showed that prolonged sonication of several hours can yield smooth crystals. Most likely, the surface and edge defects are eliminated by continuous abrasion and fracture of the crystals. In some cases, this even results in spherical particles next to a large amount of fines. [69] [70] [71] [72] In our experiments, crystal deformations were not present when ultrasound was applied in stage 2, which provides a more suitable approach to control the final particle size. Table 1 , compiled from observations of this and previous studies, presents an overview of the different stages in which ultrasound can be applied during a crystallization process. For each of these, it is indicated which main effect is caused by ultrasound and which fundamental mechanisms are induced during sonication. This table also specifies how the ultrasonic power and treatment time can be altered within a particular stage to control the nucleation time or particle size.
General mechanism for particle size control
In the first stage, the ultrasonic power completely controls the nucleation time and the stochasticity of the crystallization process. Both are reduced by application of a higher power dissipation that boosts the cavitation effects. The ultrasonic time cannot be adjusted independently in this stage as it depends on the ultrasonic power. Hence, a higher energy dissipation will reduce the time till nucleation. Control over the particle size without introducing crystal defects is possible by sonication in the second stage. If sonication is disabled before complete desupersaturation of the solution, smooth crystal surfaces are obtained with a minimum number of defects. Similarly as in stage 1, the ultrasonic power confines the total available exposure time that results in the smallest crystals. However, application of a shorter sonication time in the second stage is possible, and will yield intermediate sizes, allowing to tune the final PSD. The overall reduction in particle size in the second stage is attributed to enhanced secondary nucleation. In the final stage, both the exposure time and the power of the sound field can be controlled to influence the particle size. Due to direct interactions with cavitation shockwaves, the crystals will fracture, yielding small fragments and rough, damaged crystal surfaces. 
Conclusions
This study evaluated the effect of sonication in three well defined stages during the crystallization process. When ultrasound is only provided till the onset of nucleation, it mainly reduces the induction time for nuclei formation without any significant effect on the final particle size. In contrast, when sonication is extended beyond the detection of nucleation (stage 2), a strong reduction in particle size can be obtained till the solution reaches its solubility level. Both stages are predominantly controlled by the ultrasonic power that limits the total sonication time within each phase. In order to obtain undamaged crystals with a tuneable final particle size distribution, this maximum ultrasonic treatment time should be taken into account. Application of ultrasound in the third stage after complete desupersaturation will give rise to sonofragmentation, resulting in smaller crystals that might show surface defects if a relatively short treatment time is chosen. In the end, this paper excludes the formation of more primary nuclei by ultrasound as the main effect for particle size reduction under the chosen experimental conditions. Instead, enhanced secondary nucleation, triggered by cavitation-induced nucleation and disaggregation or fragmentation of existing crystals, is identified as the most important factor for particle size reduction. This knowledge allows to tune the final particle size distribution within a predefined range by a correct setting of the ultrasonic parameters. Figure S9 shows the experimental crystallization setups that were used in this study. The batch setup (a) consisted of a 300 or 2200 mL jacketed cylindrical tank equipped with an overhead impeller (IKA Labortechnik RW20.N) that operated at a stirring rate of 400 rpm. In the recirculation setup (b), a similar jacketed tank of 600 mL was used in combination with a 5 mL flow through cell that contained the ultrasonic actuator. A peristaltic pump (Watson Marlow 302 S) was used in this case to circulate the solution at 160 mL.min -1 . Temperature control inside both setups was provided by an external thermostatic bath (Lauda Ecosilver RE450) that was connected to a temperature probe submerged in the tank. Ultrasound was supplied by a 30 kHz Hielscher UP50H probe, operated in continuous mode with an adjustable power between 10 -50 W. 
Materials and methods
Experimental setups
Preparation of supersaturated solution
A 20 g.kg -1 paracetamol solution (Acros Organics, 98%) was prepared in water (Milli-Q, resistance 18.2 MΩ.cm), provided by a Sartorius-Stedim Arium 611 DI water purification system. To guarantee complete dissolution of the solute the solution was heated to 80 °C, about 46 °C above the saturation temperature, under continuous stirring. Subsequently, it was filtered over a 0.45 µm Millipore HAWP filter to remove any undissolved organic impurities or dust particles. After dilution to a volume of 250, 500 or 2000 mL, the solution was transferred into a batch or recirculation crystallizer. This operation caused the temperature to drop to 50 ± 5 °C, far above the solubility temperature where spontaneous nucleation can occur.
1,2 Next, the solution was cooled at a linear cooling rate of 0.5 °C.min -1 in the setup till a constant temperature in order to obtain a solution with a fixed supersaturation. In the experiments involving the recirculation setup, 15 mL of methanol (VWR Chemicals, UHPLC grade) was added as soon as the temperature reached 45 °C during cooling. This action prevented any paracetamol crystals to stick to the walls of the flow cell in the recirculation loop which would affect the final crystal properties. As addition of methanol can influence the solubility of paracetamol, an experimental solubility curve was made which allowed to determine the final supersaturation level that was maintained during the experiments. These data points are obtained experimentally by determination of the clear point during slow heating (< 0.1 °C·min −1 ) after addition of a fixed amount of paracetamol to an aqueous solution containing 2.3 m% methanol. The temperature at which complete dissolution occurred was assessed by a combination of visual detection and FBRM measurements. Figure  S10 shows this solubility data along with the solubility of paracetamol in pure water which was obtained from literature. 1 This plot indicates that the difference in solubility by addition of methanol is only marginal in the studied concentration and temperature range. In the tests with the batch configuration, no methanol was added to the solution. 
Detailed experimental procedure
In all experiments, the supersaturated solution was maintained at a fixed temperature throughout the entire process. In the recirculation setup, crystallization was performed at 27 °C, while a temperature of 25 °C was maintained in the batch configuration. This corresponds to a supersaturation ratio of 1.19 and 1.35, respectively. These conditions were chosen in order to generate a supersaturated solution in which spontaneous nucleation did not occur immediately as soon as the target temperature was obtained. Since spontaneous nucleation could occur more easily in the recirculation setup due to additional shear forces of the pump, a lower initial supersaturation level was used in comparison to the batch reactor.
Starting from the supersaturated solution with a concentration Csup (20 g.kg -1 ) in both setups, the concentration C declines after a certain lag time following the detection of the first crystals in the solution. The actual nucleation usually occurs before the first observation of crystals in the solution since a certain time is needed to grow the crystals to a detectable size. 3, 4 In this work nucleation is detected by visual observation. Although several other methods such as FBRM, FTIR, light scattering, etc. are exploited in literature, it is emphasized that this simple technique allows for early detection of nucleation in a reproducible way, once these have grown to a detectable size. [2] [3] [4] [5] After complete desupersaturation at constant temperature, the solubility level Csat is obtained. The slurry, obtained after this isothermal desupersaturation, was then filtered over a 0.45 µm Millipore HAWP filter to isolate the crystals from the saturated mother liquor. All crystals obtained after filtration, were dried in an oven at 40 °C until the weight of the sample was constant. Next, the crystal size distribution of the sample was determined by offline measurements in nhexane with addition of about 1 m% lecithin, using a Malvern Mastersizer 3000 laser diffraction analyser with a Hydro EV dispersion unit. Lecithin (Acros organics, > 98% pure) was added in order to prevent adhesion of paracetamol crystals to the glass walls of the measurement cell. Additionally, a combination of a high stirring rate of 2400 rpm and a single sonication burst of 10 seconds in the Hydro EV unit guaranteed proper dispersion of any aggregated particles that might have formed during drying. Apart from size measurements, the crystal shape was visualized using a Phenom Pro scanning electron microscope (SEM). Prior to imaging, the samples were coated with gold for 2 min using a constant current of 30 mA.
Results and discussion
Effect of ultrasound in stage 1
In these tests, ultrasound is only enabled to induce nucleation in a supersaturated solution. Afterwards, the crystals are grown in silent conditions till the supersaturation is depleted. The complete volume based particle size distribution plots obtained during these experiments are displayed in Figure S11 . This analysis shows that a unimodal distribution with a comparable span and particle size is obtained under silent and sonicated conditions.
Figure S11: Effect of ultrasonic power on the final crystal size distribution. In the ultrasound assisted tests, sonication was enabled till the detection of the first nuclei, followed by 2 hours stirring in the absence of ultrasound at constant temperature (27 °C). Spontaneous crystallization (0 W) was performed without exposure to ultrasound. All experiments were performed twice and the average distribution of both tests is being displayed. Table S1 provides an overview of the settings and the results of the experiments in which ultrasound was applied in stage 1 or stage 2. 
Overview of the experiments in stage 1 and stage 2
